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Epidemiologists and clinicians wishing to introduce human papillomavirus (HPV) testing into cervical
cancer prevention programs need standardized, reliable, and accurate HPV DNA tests that can detect the full
spectrum of pathogenic HPV types. The Hybrid Capture System assay from Digene (hybrid capture assay) is
a nonradioactive kit designed to detect 14 HPV types in two groups: a mix of 9 high-risk types associated with
anogenital cancer (HPV types 16, 18, 31, 33, 35, 45, 51, 52, and 56) and another group of 5 low-risk types
associated with condyloma acuminatum (HPV types 6, 11, 42, 43, and 44). The assay yields quantitative data
meant to reflect viral concentration. In a study of 199 cervical specimens from women with concurrent Pap
smears, we assessed the reliability of the new assay by comparing the hybrid capture assay results from three
laboratories. We assessed the accuracy of the hybrid capture assay in comparison with a reference standard
of HPV DNA content (multiple testing by several methods in two reference laboratories). We also compared the
hybrid capture assay results with the concurrent cytologic diagnoses on the basis of an independent review of
each smear by five pathologists. Pairwise interlaboratory agreement rates on HPV positivity for either high-risk
or low-risk types ranged from 87 to 94%, and kappa values ranged from 0.61 to 0.83. Among specimens positive
for high-risk types (the most important clinical outcome), the interlaboratory correlations of the quantitative
data ranged from 0.60 to 0.90. Test results from all three laboratories were strongly associated with those of
the HPV DNA reference standard and with the concurrent cytopathologic diagnoses. The most common errors
were sporadic, apparently false-positive results.

Human papillomavirus (HPV) infection is the major cause
of most cervical cancer and cervical intraepithelial neoplasia
(CIN) worldwide (3, 12, 15, 17, 23). Consequently, there is
strong motivation to evaluate the use of HPV testing in cervi-
cal cancer screening. Presently, HPV testing depends on the
detection of HPV DNA in exfoliated cervical cell specimens
(16).
The application of HPV DNA testing to cervical cancer

screening will require further improvements in and standard-
ization of testing methods. HPV testing has generally been
conducted by Southern blotting or PCRmethods, with very few
attempts at interlaboratory standardization of these research
techniques (4, 16). Instead, some researchers have chosen to
use a U.S. Food and Drug Administration-approved dot blot
kit called ViraPap/ViraType (11, 14). However, the kit detects
only seven HPV types (types 6, 11, 16, 18, 31, 33, and 35).
Neither nonstandardized research assays nor the ViraPap/Vi-
raType kit are adequate for routine clinical use. An assay for
routine clinical use will require reliable and accurate detection

of the broad range of pathogenic HPV types infecting the
cervix.
Newly developed, the Hybrid Capture System HPV DNA

detection test (hybrid capture assay) from Digene Diagnostics,
Inc. (Silver Spring, Md.), is a nonradioactive, relatively rapid,
liquid hybridization assay designed to detect 14 HPV types
divided into high-risk and low-risk groups. High-risk HPV
types are those associated with cervical cancer. The hybrid
capture assay kit detects high-risk types 16, 18, 31, 33, 35, 45,
51, 52, and 56, but does not yet include probes for a few other
high-risk types such as types 39 and 58 (3, 13). The low-risk
group detects the types more commonly associated with con-
dyloma acuminatum (venereal warts) of the external genitalia:
HPV types 6, 11, 42, 43, and 44 (13). Both the high-risk and
low-risk groups, along with other rarer and/or uncharacterized
types of HPV, can be found in women with CIN or normal
cervical cytologic diagnoses.
In addition to detecting a wide range of HPV types associ-

ated with the risk of CIN (5), early experiments suggest that
the hybrid capture test is reliable when it was performed in
masked experiments at Digene Diagnostics, Inc., the originat-
ing laboratory (9a). As a possible unique advantage compared
with other available HPV test kits, the hybrid capture test is
also designed to provide quantitative estimates of viral load,
which may correlate with the grade and natural history of
cervical pathology (5, 6). Given the apparent promise of the
hybrid capture test, the present investigation was conducted to
assess the assay’s interlaboratory reliability and accuracy when
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it was performed on realistic clinical specimens at independent
testing sites.

MATERIALS AND METHODS

Digene Diagnostics, Inc., provided the equipment, reagents, and training for
the interlaboratory comparison of the hybrid capture test. To ensure an inde-
pendent evaluation of the assay, all testing and data collection steps were
masked, and all statistical analyses were performed at the National Cancer
Institute (NCI).
Study population and collection of specimens. The study population included

200 women participating in an NCI-sponsored cohort study of HPV infection and
cervical neoplasia (17). Briefly, enrollment of more than 23,000 women receiving
cervical cytologic screening was conducted between April 1989 and November
1990 at seven Kaiser-Permanente clinics in Portland, Oreg. The 200 subjects
originally selected for the present investigation were randomly chosen from those
study participants with enrollment cervical smears routinely diagnosed by Port-
land Kaiser-Permanente pathology staff as equivocal (mild or severe squamous
atypia) (21). This study group was considered appropriate for the interlaboratory
study because one possible, major use of HPV testing might be to clarify equiv-
ocal smears (5). The cervical smear for one woman could not be found, leaving
smears for 199 subjects in the analytic data set.
In addition to a cervical smear obtained with an endocervical cytobrush and

ectocervical Ayre spatula, a cervicovaginal lavage specimen was concurrently
obtained from all subjects for HPV DNA testing. The lavage was performed by
rinsing the external cervical os with sterile saline by using a 10-ml syringe
equipped with an intracatheter extender. The pooled fluid was collected from the
posterior vaginal fornix and was divided into aliquots for HPV DNA testing. A
1-ml unprocessed aliquot of each lavage specimen was frozen at 2708C. The
remaining 9 ml of the lavage specimen was centrifuged and was divided to yield
to two cell pellets. The processed specimens were transported on dry ice to the
NCI repository and were stored at 2708C until they were sent for testing.
The unprocessed 1-ml aliquot of the lavage specimen was tested for HPV

DNA in 1990 at Cetus by the L1 consensus primer PCR-based test of Manos and
colleagues as described in previous reports (17, 18). This labor-intensive, re-
search PCRmethod is capable of detecting and typing a wide range of HPV types
and also detects many uncharacterized HPVs.
The first of the two specimen pellets was tested for HPV DNA at Digene

Diagnostics (1990 to 1992) by three separate methods: low-stringency Southern
blotting, which is capable of detecting a wide range of HPV types (18, 21), dot
blotting for the 14 types in consideration, and the prototype of the 14-type hybrid
capture HPV DNA test (the predecessor of the format submitted for clearance
by the U.S. Food and Drug Administration). These Digene HPV DNA results
were combined with the Cetus PCR results to compose the HPV DNA reference
standard for the present study (see below).
When the present investigation began in 1992, the remaining specimen pellet

was resuspended and mixed vigorously in 1 ml of Digene sample transport
medium. Each of the laboratories participating in the study received 160 ml of the
suspension diluted to 230 ml with an additional 70 ml of transport medium. The
specimens were held at 2208C or colder until testing in 1992 or early 1993. One
hundred microliters of the aliquot received was used for each hybrid capture test
(high-risk or low-risk groups). The amount tested represented approximately
3.5% of the original 10 ml of the cervicovaginal lavage specimen.
HPV testing in the three laboratories. Before testing the study specimens, each

laboratory completed a training period that included on-site instruction and test
runs consisting of at least two quality assurance panels: a clean panel of 24
specimens containing 100 mg of sonicated herring sperm DNA per ml spiked with
HPV plasmid DNA of various types and concentrations and a 24-specimen
clinical panel of cervical samples with known HPV test results. The laboratories
tested the study specimens only after successful results were obtained with the
quality assurance panels. Specifically, one of the laboratories completed testing
of two 24-specimen clinical panels before testing the study specimens.
Each laboratory tested the study specimens without duplicates by using the

hybrid capture assay kit for the high-risk and low-risk HPV groups. The following
uniform protocol, detailed more fully in the instructions accompanying the kit,
was used. Specimens were treated with sodium hydroxide to hydrolyze specimen
RNA and to denature the DNA. The liberated single-stranded DNA was hy-
bridized in solution with an RNA probe mix consisting of the high-risk or
low-risk HPV types. Each reaction mixture, containing any RNA-DNA hybrids
that formed, was transferred to a capture tube coated with antibodies to the
RNA-DNA hybrids, which immobilized the hybrids. Bound RNA-DNA hybrids
were then reacted with an alkaline phosphatase-conjugated antibody directed
against RNA-DNA hybrids. Unreacted material was removed by washing, and a
dioxetane-based chemiluminescent compound, Lumi-Phos 530, was added as a
substrate for the alkaline phosphatase. The light produced by the ensuing reac-
tion was measured by a luminometer. Light measurements were expressed as
relative light units (RLUs). As a negative control, sonicated herring sperm DNA
in Digene transport medium (100 mg/ml) was used. Triplicate specimens of HPV
type 16 or HPV type 11 DNAs at 10 pg/ml served as the positive controls for
high-risk HPV probes and low-risk probes, respectively.
All RLU measurements for specimens were divided by the mean RLU of the

three appropriate positive controls (PCs) to give a ratio of specimen RLU/PC. A
specimen RLU/PC ratio of 1.0 or greater was regarded as positive for HPV
DNA, and a ratio of less than 1.0 was regarded as negative. In ancillary analyses,
alternative RLU/PC cutoff points of 0.9 and 1.1 were examined and were found
not to alter the conclusions, causing only minor changes in the reliability and
accuracy of the assay (data not shown).
Since the amount of light produced by the hybrid capture assay is theoretically

proportional to the amount of target HPV DNA in each clinical specimen, the
results could possibly be viewed as quantitative. Of course, the use of hybrid
capture quantitation to estimate viral load will be affected somewhat by variation
in sample adequacy. Nonetheless, we considered it worthwhile to examine the
interlaboratory reliability of the RLU/PC ratios and the correlation of the
RLU/PC ratios to the cytologic diagnoses.
Creating a reference standard of HPV DNA content. The assessment of accu-

racy in HPV DNA testing required the creation of a reference standard, al-
though, admittedly, no perfect standard of HPV infection currently exists.
To create an HPV DNA reference standard, the data from the Cetus PCR

testing in 1990 as well as results from the three rounds of Digene testing in 1990
to 1992 (Southern blot, dot blot, prototype of hybrid capture) were evaluated. A
summary judgment was made for each specimen by two of the investigators
(A.T.L., M.H.S.) without knowledge of either the HPV results from the three
laboratories or the specimen-specific cytologic data. Specifically, all previous
testing results for a specific specimen were compared, and when a consensus or
majority HPV testing decision was evident, it was taken to be true. In the few
cases of truly equivocal specimens, i.e., those with severely discrepant previous
results, the investigators tended to favor the dot blot and Southern blot diagnoses
over the PCR or prototype hybrid capture assay results. As one possible conse-
quence, some specimens classified as negative might truly have been very weak
positives, which were detected by PCR only.
For the statistical analysis, specimens were classified as either positive or

negative for the high-risk HPV group (HPV types 16, 18, 31, 33, 35, 45, 51, 52,
and 56) and separately for the low-risk group (HPV types 6, 11, 42, 43, and 44).
Any specimen containing an HPV type not in the 14-type mix (e.g., types 39 or
58) was called negative for the present purpose of assessing test accuracy for the
14 types. In an additional analysis, the Cetus PCR results were used alone as an
alternative DNA reference standard to address the possible concern of using
reference tests from Digene in judging the accuracy of the Digene kit.
Cytopathology as an ancillary reference standard. Cytopathologic diagnoses

can also serve as a kind of reference standard for HPV DNA testing because of
the strong and consistent association of HPV detection and prevalent CIN (17).
When assayed by research tests that detect a wide range of HPV types (2, 9, 13,
21), the large majority of specimens from patients with CIN contain HPV DNA,
while HPV prevalences in cytologically normal women are consistently much
lower. Inaccurate assays, in contrast, find much weaker associations between
HPV DNA and CIN (8, 19). Thus, one measure of the performance of an HPV
DNA test is the strength of its association with CIN, including the percentage of
women with confirmed diagnoses of CIN found to be HPV DNA positive.
To create a cytopathology reference standard for the present investigation,

masked review of each cytology smear by five expert cytopathologists permitted
the classification of the smears along a cytologic certainty scale (although all
smears had originally been classified as atypical). The full details of this cytology
scale, which correlated very well with both the Cetus research PCR and Digene
Southern blot HPV DNA testing in previous work, have been published else-
where (21). Briefly, the scale ranged from 0.0 to 5.0 in increments of 0.5, with
larger numbers reflecting an increasing probability that the smear represented
underlying CIN. For most analyses in the present investigation, the cytology scale
was condensed into three categories of the proper size for analyses: probably
normal (0.0 to 1.0), possibly CIN (1.5 to 3.0), or probably CIN (3.5 to 5.0). The
cytopathology reference standard was not available for 10 women in the study
because slides judged to be inadequate by any one of the experts had to be
excluded. Thus, for analyses including the cytopathology reference standard, only
189 subjects remained in the study.
Statistical methods. Data were returned directly from each laboratory to NCI.

Reliability was assessed by pairwise laboratory comparisons by using three sta-
tistics: the crude percentage of agreement, the percentage of agreement on
positivity, and the kappa statistic. The two HPV type groups were considered
independently for the analyses. The crude percentage of agreement was pre-
sented because it is a familiar statistic and comparable to that used in much of
the literature. However, the crude percentages of agreement tended to be exag-
gerated by the large number of specimens called negative by all laboratories.
Thus, we chose to present also the percentage of agreement on positivity, in
which those specimens called negative by both laboratories in a pair were ex-
cluded. Finally, the unweighted kappa statistic was calculated. This method is
designed to adjust the estimate of agreement for chance agreement that was
bound to occur. As a general guide, a kappa value greater than 0.75 represents
excellent agreement beyond chance, values below 0.40 represent poor agreement
beyond chance, and values between 0.40 and 0.75 suggest fair to good agreement
beyond chance (7).
Pairwise reliability of the quantitative data was assessed by calculating Pearson

and Spearman correlation coefficients (r values). The Pearson statistic empha-
sizes the absolute numbers, while the Spearman statistic stresses the ranking of
values. The high-risk and low-risk groups were considered separately. Each

546 SCHIFFMAN ET AL. J. CLIN. MICROBIOL.



comparison for high- or low-risk types was restricted to specimens judged to be
positive for that type group by at least one of the three laboratories (i.e., probable
negative specimens were deleted to avoid confusing the issue of positivity and
negativity with quantitation).
Accuracy was assessed by comparing the hybrid capture assay results with

those of the reference standard of HPV DNA content by using standard con-
tingency tables and chi-square tests when they were informative. Comparisons
with the HPV reference standard were made first for the results of each indi-
vidual laboratory and then for the joint results of all three laboratories consid-
ered together.
The hybrid capture assay results were also compared with those of the cyto-

pathology reference standard by using contingency tables. Correlation of the
quantitative data to the cytopathology certainty scale was assessed by using the
Spearman correlation coefficient, which was chosen because the values of the
certainty scale were ordinal and not intrinsically quantitative.
Statistical analyses were conducted by using one of two readily available

commercial statistical software packages, SAS or InStat (GraphPad Software).

RESULTS
The percentages of the 199 specimens found to be positive

were similar for the three laboratories. Laboratory A found
29.6% of the specimens to be positive for the high-risk HPV
group and 10.6% to be positive for the low-risk group. The
corresponding percentages were 31.2 and 9.0% for laboratory
B and 26.6 and 9.5% for laboratory C. These differences be-
tween laboratories were not statistically significant for either
the high-risk (P 5 0.60) or the low-risk (P 5 0.87) HPV group.
The interlaboratory reliability of the hybrid capture assay is

given in Table 1. Crude percentages of agreement were gen-
erally higher for the low-risk HPV group (93 to 94%) than for
the high-risk HPV group (87 to 93%) because of the relative
rarity of low-risk HPV types, leading to a high number of
negative-negative agreements. Once the negative-negative
agreements were eliminated, agreement on positivity was
shown to be higher for the high-risk group (66 to 78%) than for
the low-risk group (48 to 56%). Likewise, the kappa statistics
were higher (0.69 to 0.83) for the high-risk group than for the
low-risk group (0.61 to 0.67).
The interlaboratory reliability of the quantitative RLU/PC

data for positive specimens was calculated for each laboratory
pair. The Pearson correlation coefficients for high-risk and
low-risk types were 0.90 and 0.96, respectively, for laboratories
A and B, 0.60 and 0.95, respectively, for laboratories A and C,
and 0.67 and 0.92, respectively, for laboratories B and C. The
Spearman correlation coefficients for high-risk and low-risk
types were 0.66 and 0.52, respectively, for laboratories A and
B, 0.81 and 0.42, respectively, for laboratories A and C, and
0.67 and 0.56, respectively, for laboratories B and C. All of
these correlations were highly significant, but the correlations
were strongest for the Pearson statistics, particularly for labo-
ratory A versus laboratory B.
Table 2 addresses the accuracy of the hybrid capture assay

results compared with those of the HPV DNA reference stan-
dard. Crude percentages of agreement were high for both
high-risk (88 to 92%) and low-risk (93 to 94%) groups. The
percentages of agreement for specimens called positive by the
reference standard, which can be viewed as the sensitivities of
the three laboratories’ results compared with those of the ref-

erence standard, ranged from 83 to 88% for the high-risk
group and from 62 to 67% for the low-risk group.
The analyses in Table 2 were repeated for the (more impor-

tant) high-risk group only by using the Cetus PCR results as an
alternative HPV DNA standard. The PCR standard was re-
stricted to the high-risk HPV types in the hybrid capture kit
(e.g., four specimens found to have HPV-39 by PCR were
defined as negative for this analysis). The crude percentages of
agreement of the hybrid capture assay with the PCR standard
for high-risk types ranged from 79 to 81%. The sensitivity of
the hybrid capture assay ranged from 65 to 70% for detection
of the 54 specimens called PCR positive with types included in
the hybrid capture kit.
As another approach to assessing the accuracy of the hybrid

capture assay, we tabulated the joint results from the three
laboratories compared with those of the original HPV DNA
reference standard. These data address the question of how
accurate the assay would be, in aggregate, if it was performed
in a group of laboratories. The comparison of the joint test
results with the HPV DNA reference standard results is pro-
vided in Table 3. The associations of each group of types (high
or low risk) with the corresponding DNA reference standards
were very strong (P , 0.001). The most frequent errors were
apparent false-positive results, in which a single laboratory
classified a specimen as HPV positive, even though it was
called negative by the reference standard and the other two
laboratories. Of note, for the high-risk types, 2 of the 18 false-
positive specimens were classified as probable CIN by the
cytopathology reference standard, demonstrating how difficult
it is to define a clear reference standard for HPV infection.
Similarly, with regard to questionable false-negative results, six
(29%) of the specimens classified by the DNA reference stan-
dard as low-risk HPV positive were called negative by all three
laboratories. But three of these demonstrated possible CIN
and three demonstrated probable CIN according to the cyto-
pathology reference standard.
The direct comparisons of the hybrid capture assay results

for each laboratory with those of the cytopathology reference
standard are given in Table 4. The hybrid capture assay results
were highly associated with the likelihood of CIN for all three
laboratories. Among subjects with probable CIN, 71 to 74%

TABLE 1. Pairwise agreement between three laboratories for HPV positivity of 199 specimens tested by hybrid capture assay

Laboratory
pair

Low-risk group agreement (6) High-risk group agreement (6)

% Crude
agreement

% Agreement on
positivity

Kappa
statistic

% Crude
agreement

% Agreement on
positivity

Kappa
statistic

A and B 94 56 0.67 87 66 0.69
A and C 93 48 0.61 93 78 0.83
B and C 94 54 0.65 89 69 0.73

TABLE 2. Agreement and sensitivity of hybrid capture results for
each of three laboratories compared with those of

the HPV DNA reference standard

Laboratory

% Agreementa % Sensitivity

Low-risk
HPV group

High-risk
HPV group

Low-risk
HPV group
(n 5 21)

High-risk
HPV group
(n 5 58)

A 93 92 67 88
B 93 88 62 83
C 94 92 67 83

a A total of 199 specimens were used in the test for agreement.
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were HPV DNA positive, compared with 8 to 16% of the
subjects with probably normal smears. For comparison, the
corresponding figures for the original HPV DNA reference
standard were 84% HPV positivity for probable CIN and 8%
positivity for probably normal diagnoses. The Cetus PCR stan-
dard, restricted to HPV types also found in the hybrid capture
kit (types 6/11, 42, 16, 18, 31, 33, 35, 42, 45, 51, 52, and 56),
found 61% of probable cases of CIN and 7% of probably
cytologically normal women positive (although PCR positivity
was much higher in women with CIN or cytologically normal
diagnoses before the type restrictions were made).
On closer examination, there were strong associations in all

laboratories between the high-risk HPV group and the likeli-
hood of CIN (P , 0.001) whether or not low-risk types were
also present. The associations between low-risk HPV types
alone and the likelihood of CIN were also statistically signifi-
cant but much weaker. A similar contrast between high- and
low-risk types was seen with the HPV DNA reference stan-
dards.
The comparison of the three laboratories’ joint results with

those of the cytopathology reference standard are shown in
Table 5. Joint results for the high-risk HPV group (Table 5)
were highly associated with the results of the cytopathology
reference standard (P , 0.001). Among specimens from
women with probable CIN, 55% were called HPV positive for
high-risk types in all three laboratories, whereas only 3% of
specimens from women with probably normal smears were
called HPV positive. A much weaker but still significant rela-

tionship was seen for low-risk types (P 5 0.01), as shown in
Table 5.
To assess the possible utility of quantitation of HPV DNA as

a predictor of cytopathology, independent of yes or no posi-
tivity, we correlated the quantitative RLU/PC results from
each laboratory with the cytopathology certainty scale (0.0 to
5.0 in increments of 0.5). Negative specimens were excluded as
noted in Materials and Methods. For high-risk HPV types, the
Spearman correlations with the certainty scale were 0.51 for
laboratory A, 0.30 for laboratory B, and 0.43 for laboratory C.
Weaker correlations were seen for the low-risk types (Spear-
man correlation coefficients of 20.03, 0.11, and 0.34, respec-
tively).

DISCUSSION

The development of a reliable, accurate, and cost-effective
HPV test method is needed in order to move HPV testing into
routine clinical practice. The present interlaboratory compar-
ison demonstrated that the hybrid capture test has good reli-
ability and accuracy, although room for improvement remains.
As shown by the relatively narrow range in measures of

agreement between the three laboratories, their reliability in
classifying specimens as positive or negative was fairly uniform,
with no obvious outlier among them. The interlaboratory reli-
ability of HPV positivity defined by the hybrid capture assay
appeared to be somewhat better for the high-risk group than
for the low-risk group, perhaps because low-risk positivity was

TABLE 3. Comparison of hybrid capture assay results in three laboratories with those of HPV DNA reference standard
for the high-risk and the low-risk HPV type groups

HPV type group
and HPV
reference

standard result

No. of
specimens

No. (%) of specimens

Negative in all three
laboratories

Positive in one
laboratory onlya

Positive in two
laboratories onlyb

Positive in all
three laboratories

High-risk group
Negative 141 120 (85) 18 (13) 0 (0) 3 (2)
Positive 58 3 (5) 6 (10) 6 (10) 43 (74)

Low-risk group
Negative 178 163 (92) 13 (7) 2 (1) 0 (0)
Positive 21 6 (29) 1 (5) 2 (10) 12 (57)

a Percentage of specimens found to be positive by any one, but only one, of the laboratories.
b Percentage of specimens found to be positive by any two, but only two, of the laboratories.

TABLE 4. Association of hybrid capture assay results from three laboratories with cytopathology review

Laboratory Low-risk HPV
group result

High-risk HPV
group result

No. (%) of specimens

Probably normal
(n 5 88)

Possible CIN
(n 5 50)

Probable CIN
(n 5 51)

A Negative Negative 78 (88.6) 32 (64.0) 13 (25.5)
Positive Negative 3 (3.4) 3 (6.0) 3 (5.9)
Negative Positive 4 (4.6) 14 (28.0) 27 (52.9)
Positive Positive 3 (3.4) 1 (2.0) 8 (15.7)

B Negative Negative 74 (84.1) 31 (62.0) 13 (25.5)
Positive Negative 4 (4.6) 2 (4.0) 4 (7.8)
Negative Positive 9 (10.2) 16 (32.0) 28 (54.9)
Positive Positive 1 (1.1) 1 (2.0) 6 (11.8)

C Negative Negative 81 (92.0) 33 (66.0) 15 (29.4)
Positive Negative 2 (2.3) 2 (4.0) 4 (7.8)
Negative Positive 4 (4.6) 13 (26.0) 24 (47.1)
Positive Positive 1 (1.1) 2 (4.0) 8 (15.7)
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uncommon, thereby accentuating the sporadic errors that did
occur. In any case, the high-risk group is far more important
clinically. For applications requiring a high positive predictive
value, it is unlikely that inclusion of the less common, low-risk
types will prove cost-effective when performing hybrid capture
testing (21).
To assess accuracy, we attempted to create a reference stan-

dard of HPV DNA by a masked review of all available research
DNA testing that had been performed previously on the study
specimens. Hybrid capture test results in the three laboratories
were very strongly associated with those of the reference stan-
dard, suggesting reasonably good accuracy.
However, the reference standard result depended partly on

tests performed previously at Digene, including the prototype
of the hybrid capture assay itself. Although we masked the
specimen-by-specimen adjudication of test results that pro-
duced the reference standard result, Digene-developed test
methods might be expected to agree better with each other
than with assays developed and performed elsewhere. This
could have inadvertently biased the reference standard.
Thus, we also compared the hybrid capture results with

Cetus PCR results. As expected, hybrid capture results ap-
peared to be less sensitive compared with PCR results than
compared with the original reference standard results. It is
probable that hybrid capture testing failed to detect some
low-level infections that were detected by PCR. It is also prob-
able that some discrepancies reflected false-positive PCR re-
sults. In this investigation, however, we did not try to deter-
mine how many of the additional positive specimens detected
by PCR represented true versus false positivity, nor did we
attempt to determine the clinical relevance of low-level infec-
tions detected only by PCR.
With regard to the cytology reference standard, the hybrid

capture assay results were strongly associated with a likelihood
of CIN in concurrently obtained cervical smears. The strengths
of the associations for each laboratory were nearly as strong as
the association between the HPV DNA reference standard
result and the likelihood of CIN or between PCR and the
likelihood of CIN. Of course, some cases of disagreement
between DNA testing and cytopathologic diagnosis might not
be due to DNA testing error. Rather, the disagreements could
be due to either residual error in the cytologic diagnoses or
true DNA positivity with no apparent cytologic abnormality.
For example, two of the three specimens which all three lab-
oratories called high-risk HPV positive, in the absence of cy-
tologic abnormality, were also HPV positive according to the
high-risk HPV DNA reference standard. Thus, these cases

could represent vaginal or cervical lesions that were inappar-
ent, incipient (12), or missed during cytologic screening.
Nonetheless, some other disagreements between hybrid cap-

ture assay results and the cytopathology reference standard
results were likely false-negative test results linked to the still
incomplete type range of the hybrid capture assay. Specifically,
the current hybrid capture kit does not yet include some high-
risk HPV types (e.g., types 39 and 58) which are commonly
found in CIN (10). For example, HPV type 39 was found by the
Cetus PCR assay in two of the nine cases of probable CIN
called negative for high-risk HPVs by all three laboratories.
The most common error in the three laboratories appeared

to be occasional false-positive results not predictive of CIN.
The RLU/PC values of these false-positive results were some-
times quite high. The cause of these false-positive results is not
known. Because the false-positive results were uncommon and
apparently sporadic rather than related to specific specimens,
they could in theory be detected by repeated testing of speci-
mens with positive results (i.e., the false-positive specimens
would be negative when retested). Unpublished results from
the ongoing NCI prospective study suggest that this approach
is feasible.
The quantitative information provided by the hybrid capture

test had good reliability, given the crude division of the lavage
specimen as provided to the laboratories and the lack of an
internal DNA standard. Moreover, higher viral loads corre-
lated with a likelihood of CIN. Other investigators have shown
that a high viral load predicts an increased probability of his-
tological confirmation of CIN (5) and a higher risk of high-
grade CIN (6). Thus, the quantitative aspect of the hybrid
capture test merits further development and evaluation.
Some additional cautions on the interpretation of the study

should be mentioned. First, the population was highly selected,
to represent equivocal cytologic diagnoses. This special popu-
lation is a likely target of the application of HPV testing, but
nonetheless, assay performance may be different when speci-
mens from women in the general population are tested. Also,
this experiment was based on aliquots of a nonuniform pellet
taken from long-term storage rather than optimal specimens
collected directly into the hybrid capture collection kit. Despite
the strong correlations observed between laboratories, speci-
men heterogeneity and dehydration may have reduced the
reliability of the assay as performed in the present study. On
the other hand, the performances of the laboratories partici-
pating in the study were probably enhanced by the on-site
training and pretests as well as the prior HPV testing expertise
of the participants.

TABLE 5. Comparison of hybrid capture assay results in three laboratories to cytopathology review for
high-risk and low-risk HPV type groups

HPV type group and
cytology diagnosis

No. of
specimens

No. (%) of specimens

Negative in all
three laboratories

Positive in one
laboratory onlya

Positive in two
laboratories onlyb

Positive in all
three laboratories

High-risk group
Probably normal 88 72 (82) 13 (15) 0 (0) 3 (3)
Possible CIN 50 31 (62) 5 (10) 0 (0) 14 (28)
Probable CIN 51 12 (24) 5 (10) 6 (12) 28 (55)

Low-risk group
Probably normal 88 81 (92) 3 (3) 1 (1) 3 (3)
Possible CIN 50 43 (86) 5 (10) 0 (0) 2 (4)
Probable CIN 51 35 (69) 6 (12) 3 (6) 7 (14)

a Percentage of specimens found to be positive by any one, but only one, of the laboratories.
b Percentage of specimens found to be positive by any two, but only two, of the laboratories.
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The impetus to this methodologic comparison was the rec-
ognition that HPV testing is becoming increasingly important.
There are at least two promising clinical uses of HPV testing as
an adjunct to cervical cytologic screening: the clarification of
equivocal and low-grade Pap smears and general screening in
older women, among whom the positive and negative predic-
tive values of a positive HPV test might be high enough to
justify general use (5, 20, 21). Large natural history studies and
clinical trials of both applications are under way, and on the
basis of the available data derived from research assays, the use
of HPV testing to clarify equivocal Pap smears appears to be
especially promising. If either of these two major applications
of HPV testing gains widespread acceptance, HPV DNA tests
will eventually be performed on millions of women a year.
In this context, another interlaboratory trial of the hybrid

capture assay should be performed once the collection and
testing protocols are available in final, U.S. Food and Drug
Administration-ready kit formats. Then, it will be important to
evaluate any residual error in hybrid capture testing in the
proper context. HPV testing is designed to clarify and supple-
ment the Pap smear. The reliability and accuracy of a single
Pap smear are quite imperfect; thus, the two tests together can
outperform either one alone (21). For instance, the same hy-
brid capture kit evaluated in the present study performed very
well when it was recently applied to atypical triage Pap smears
in a colposcopy clinic (5).
A broad and important question raised by the present study,

therefore, is how reliable and accurate a DNA diagnostic test
must be before it is judged to be ready for widespread clinical
use. The screening literature regarding DNA diagnostics is
expanding (1, 22), but few performance standards have been
promulgated in the DNA diagnostics community on the basis
of commonly used statistics such as percentages of agreement,
sensitivity, and specificity. In particular, interlaboratory reli-
ability has rarely been formally investigated and presented.
Given the increasing clinical importance of HPV testing and
other DNA diagnostic assays, it would be helpful to hold a
public discussion of realistic target ranges of reliability and
accuracy for the DNA diagnostic assays now approaching the
clinical arena.
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